RNAi is largely known as a negative regulator of gene expression, through different mechanisms. These include inhibition of mRNA translation, mRNA or pre-mRNA degradation, and inhibition of transcription by promoting heterochromatin assembly (reviewed in refs. 1,2). siRNAs bound by conserved Argonaute proteins, some of which have an endonucleolytic capacity, select the complementary RNA targets regulated by RNAi (reviewed in ref. 3). However, neither RNA-RNA interaction nor Argonaute-mediated cleavage excludes the possibility that siRNAs may have a positive effect on gene expression. Here we report that an RNAi pathway enhances transcription of genes targeted by endogenous siRNAs (endo-siRNAs) in C. elegans genome wide.
mutant strains were similar to those in WT ( Supplementary  Fig. 1b,e) . Therefore, the possible indirect effect of histone depletion on transcription, which may occur after prominent downregulation of CSR-1 by RNAi 24 , should not be prevalent in these homozygous viable strains used for GRO-seq. Also, we performed GRO-seq using late L3-and early L4-stage worms, before the occurrence of germline defects at later stages that could compromise our transcriptional profiling.
To evaluate the global effect of the CSR-1 pathway on Pol II transcription, we divided the GRO-seq reads into groups corresponding to promoters, gene bodies and gene ends, as previously described 27 . We compared cumulative GRO-seq signals from CSR-1 targets and from all genes in csr-1 hypomorph and drh-3(ne4253) worms versus WT, and, notably, we found a substantial global reduction of Pol II transcription at CSR-1 target genes in both mutants (Fig. 1a-c) . The effects on transcription that we observed in the drh-3 mutant were specific to the CSR-1 target genes because transcription of the WAGO proteincoding target genes 14 was not globally affected ( Supplementary  Fig. 2a,b) . These results indicate that CSR-1 specifically promotes transcription of its target genes in a 22G-RNA-dependent manner. To confirm our analyses of GRO-seq data with a different statistical and normalization approach, we calculated the differential gene expression in csr-1 hypomorph and drh-3(ne4253) mutants compared to that in WT using the R package DESeq 28 . In agreement with the analysis using cumulative reads, we only found a significant enrichment of CSR-1 targets among the genes that are transcriptionally downregulated in the mutants (Fig. 1d,e) . Interestingly, we also found that the upregulated genes were significantly depleted of CSR-1 targets (Fig. 1d,e) . Therefore, we quantified the cumulative GRO-seq signals from all the nontarget genes. We found a global increase in Pol II transcription among the nontarget genes in csr-1 hypomorph and (a) Top, cumulative distribution plots of normalized GRO-seq gene body reads (log 2 of the csr-1/WT read ratio) for CSR-1 targets, as defined in ref. 15 , for nontarget genes and for total genes. Bottom, the averages of the log 2 ratio between csr-1 hypomorphic mutant and WT normalized gene body reads. (b) GRO-seq analysis performed as in a, considering drh-3(ne4253) and WT normalized GRO-seq gene body reads. (c) An example of CSR-1 target gene, pgl-3. From top to bottom: normalized GRO-seq reads in WT larvae, normalized GRO-seq reads in csr-1 hypomorphic mutant larvae and CSR-1 22G-RNAs 15 . Gene models are based on UCSC Genome Browser (ce6). IP, immunoprecipitation. (d) Top, scatter plot of mean of normalized counts (log 2 ) in csr-1 hypomorphic mutant or WT calculated using the DESeq package 28 . The black squares represent genes with significant changes in Pol II transcription at a false discovery rate (FDR) < 0.05. The red squares represent CSR-1 target genes with significant changes in Pol II transcription (FDR < 0.05). The number of significantly changed genes is shown in parentheses. Bottom, significant enrichment or depletion of CSR-1 targets among, respectively, genes upregulated (Up) and downregulated (Down) by GRO-seq in csr-1 mutant versus WT; Fisher's exact test. (e) Top, scatter plot, as in d, of mean of normalized counts (log 2 ) in drh-3(ne4352) or WT. Bottom, significant enrichment or depletion of CSR-1 targets as in d. a r t i c l e s npg a r t i c l e s drh-3(ne4253) mutants compared to that in WT (Fig. 1a,b) . Finally, we compared our data with the published microarray results generated on csr-1(tm892) mutant and WT adult worms 15 and found a significant overlap among genes misregulated in the mutant that were identified by the microarray and by the GRO-seq ((for the upregulated genes, P = 1.3 × 10 −66 ; for the downregulated, 6.7 × 10 −15 ) Supplementary Fig. 2c,d ). This indicates that the changes in nascent RNA levels that we detected in CSR-1 pathway mutants correlate with the changes in steady-state mRNA levels that were published earlier 15 .
Collectively, these results demonstrate that the CSR-1 pathway has a profound impact on Pol II transcription genome wide.
Next we investigated which step of Pol II transcription was regulated by CSR-1 22G-RNAs. The decrease in transcription observed in CSR-1 pathway mutants occurred along the entire length of the genes, including promoter regions (Fig. 2a,b and Supplementary  Fig. 3a,b) . Consistently, we detected decreased levels of Pol II at the promoters of CSR-1 target genes in drh-3(ne4253) compared to WT worms by Pol II chromatin immunoprecipitation (ChIP)-quantitative PCR (qPCR) experiments with an antibody that recognizes the unphosphorylated isoform of Pol II ( Supplementary  Fig. 3c ). In addition, we found an interaction between Pol II and CSR-1 in coimmunoprecipitation experiments ( Supplementary  Fig. 3d) . Notably, we found that the interaction between Pol II and CSR-1 depended on RNA and not on DNA (Fig. 2c) . This suggests that CSR-1 and its associated 22G-RNAs interact with Pol II through nascent RNA transcripts. To prove this, we analyzed nuclear RNA that immunoprecipitated with Flag-CSR-1 expressed from the transgene that rescued sterility of the csr-1 null mutant 25 . Indeed, we found an enrichment of germline-specific nascent transcripts (CSR-1 targets) in Flag-CSR-1 RNA-ChIP compared to control immunoprecipitation performed with non-transgenic WT worms (Fig. 2d) . Treatment of nuclear extracts with DNase I did not affect the interaction between CSR-1 and nascent RNA (Fig. 2d) . However, inhibition of drh-3 by RNAi caused a substantial reduction in the amount of immunoprecipitated RNA (Fig. 2d) . Also, we were not able to detect an enrichment of DNA sequences corresponding to the nascent germline transcripts in Flag-CSR-1 ChIP experiments compared to control ChIP performed with non-transgenic WT worms (G.C., unpublished data). These results indicate that the interaction between CSR-1 and nascent transcripts is mediated by 22G-RNAs and not dependent on DNA. In summary, our findings suggest that CSR-1 has a direct effect on the Pol II complex and promotes its association with CSR-1 target loci through interactions of 22G-RNAs with nascent transcripts.
Increased antisense transcription in CSR-1 pathway mutants
As the GRO-seq method can distinguish the orientation of Pol II transcripts, we analyzed changes in antisense transcription. Surprisingly, we detected a global increase in antisense Pol II transcription in both csr-1 and drh-3 mutants (Supplementary Fig. 4a,b) . To confirm these results with a different normalization method, we calculated the numbers of genes with marked upregulated or downregulated antisense transcription in CSR-1 pathway mutants compared to that in WT using DESeq 28 . Indeed, we found that most genes with substantial changes in antisense transcriptions were upregulated in CSR-1 pathway mutants (Fig. 3a,b) . Interestingly, we also observed the increase in antisense transcription for CSR-1 target genes (Fig. 3c) . Because CSR-1 primarily associates with 22G-RNAs antisense to mRNA transcripts 15 and we found that it interacted with nascent RNA Pol II transcripts (Fig. 2d) , these results are consistent with the possibility that CSR-1-associated 22G-RNAs stabilize sense-oriented Pol II machinery through their interaction with nascent sense RNA. This, in turn, may reduce the frequency of Pol II initiation in the antisense orientation. 
Functional analysis of gene expression changes
A noteworthy feature of our GRO-seq findings is the global increase in transcription of non-CSR-1-target genes in csr-1 and drh-3 mutants (Fig. 1a,b,d,e) . To further explore the nature of this increased transcription, we performed functional analysis of GRO-seq data using categories of genes that have been previously defined by their expression profiles [29] [30] [31] [32] . We found that genes that were highly expressed at the developmental stage used for our analysis (late L3 and early L4), including ubiquitously expressed and germline-enriched genes, showed a significant global decrease in Pol II transcription in the csr-1 hypomorph compared to that in WT (Wilcoxon rank-sum test P < 0.0001; Supplementary Fig. 5a ). Conversely, genes that are weakly expressed or not expected to be expressed at the studied developmental stage, including the serpentine gene family and spermatogenesis-related genes, showed a significant global increase in Pol II transcription (Wilcoxon rank-sum test P < 0.0001; Supplementary Fig. 5a ). This analysis suggests that the CSR-1 pathway differentially regulates highly expressed genes and weakly expressed or silent genes. Indeed, when we analyzed cumulative GRO-seq signals from the top 20% most highly transcribed genes and the bottom 20% (defined by GRO-seq) we found that highly expressed genes showed a global depletion in Pol II transcription in the studied mutants and that weakly expressed or silent genes showed a global increase in transcription ( Fig. 4a and Supplementary  Fig. 5d ). The changes in Pol II transcription in these categories of genes were correlated with the enrichment or depletion of CSR-1 targets ( Supplementary Fig. 5b,c) . We obtained similar results in GRO-seq analyses when dividing the genes on the basis of quartile of expression ( Fig. 4b and Supplementary Fig. 5e ). Finally, we evaluated the distribution of Pol II transcription along the chromosomes. Strikingly, changes in Pol II transcription on each chromosome were in accordance with the chromosomal enrichment of CSR-1 targets (Fig. 4c,d) . Collectively, these results are consistent with a model of genome-wide redistribution of Pol II from highly transcribed genes to weakly transcribed or silenced genes in CSR-1-pathway mutants. Therefore, we propose that CSR-1 and its associated 22G-RNAs help restrict the localization of Pol II to highly transcribed genes.
Ectopic transcription of silent chromatin domains
Two distinct histone marks characterize transcriptionally silent versus active chromatin domains in the C. elegans germline: the trimethylation of Lys27 (H3K27me3) and Lys36 (H3K36me3), respectively; these mutually exclusive domains are epigenetically propagated in the embryo 31, 33, 34 . In accord with these results, we found that the genomewide distribution of Pol II transcription in larvae, as defined by GRO-seq, positively correlated with the presence of H3K36me3 and negatively correlated with the presence of H3K27me3 (Fig. 5a,c) . The centromeric histone H3 variant CENP-A is incorporated at regions devoid of transcription and colocalizes with H3K27me3 (ref. 35) (Fig. 5a-c) .
In contrast, GRO-seq signals were enriched at genomic regions that produce CSR-1-associated 22G-RNAs (Fig. 5a,b) . Therefore, there is an inverse correlation between CENP-A domains and transcriptionally active 22G-RNA-producing regions, which was noted earlier 35 .
Given that normally silent genes were ectopically transcribed in CSR-1-pathway mutants (Fig. 4a,b and Supplementary Fig. 5a,d,e) , we analyzed cumulative GRO-seq reads from CENP-A-enriched domains and H3K27me3-enriched genes and indeed detected an increase in transcription in csr-1 hypomorphic mutant compared to WT (Fig. 5d-f) . These results are consistent with a loss of robust distinction between transcriptionally active and silent genomic regions in the studied mutants.
Altered CENP-A incorporation into chromatin
Mutants of the CSR-1 pathway show chromatin organization defects, including mislocalization of centromeric proteins such as CENP-A [15] [16] [17] 19, 23 . Depletion of canonical histone proteins upon strong downregulation of CSR-1 by RNAi is predicted to affect chromatin integrity 24 . However, we thought of the possibility that ectopic transcription seen in the csr-1 and drh-3 mutants may also affect chromatin organization because CENP-A incorporation at the holocentric C. elegans chromosomes is inhibited at the genomic loci transcribed in the germline 35 .
To test this hypothesis, we selected genomic regions that contain well-known active germline-specific CSR-1 target genes adjacent to silent nontarget genes. We confirmed that in csr-1 hypomorphic mutant these regions showed a decreased Pol II transcription of active germline-specific target genes and increased transcription of silent nontarget genes (Supplementary Fig. 6) . Notably, the increased ectopic transcription of silent regions was still low compared to the transcription of active germline-specific target genes ( Supplementary  Fig. 6) ; nonetheless, it may affect chromatin organization. In agreement with previous data 34, 35 , in early WT embryos, we found that genes with low germline expression maintained higher levels of H3K27me3 and CENP-A compared to those in the adjacent active germline genes. Strikingly, this enrichment of H3K27me3 and CENP-A at nongermline genes was markedly reduced in CSR-1 pathway mutants npg a r t i c l e s ( Fig. 6a-d) . These findings are consistent with the prediction that ectopic transcription interferes with CENP-A deposition. Notably, there was no increase in the levels of H3K27me3 and CENP-A on CSR-1 target genes in the mutant embryos ( Fig. 4a-d) .
Moreover, we detected no decrease in H3K36me3 levels and MES-4 binding at CSR-1 target genes in mutant larvae (Supplementary Fig. 7) . Thus, the reduced levels of H3K27me3 and CENP-A observed in CSR-1 pathway mutants were not the consequence of redistribution of H3K27me3, as observed upon reduction of mes-4 expression 34 . In addition, these results also exclude the possibility that reduced transcription of CSR-1 target genes observed in csr-1 and drh-3 mutants was due to ectopic silencing or reduced activity of chromatin factors that promote transcription, such as MES-4. The above results suggest that the global effect of the CSR-1 pathway on transcription is linked to the maintenance of distinct active and silent chromatin domains genome-wide.
DISCUSSION
RNAi has been defined as a gene-silencing mechanism. In metazoans, the discoveries of endo-siRNAs antisense to mRNA transcripts and transposons and their ability to repress their target RNAs further supported the model that endogenous RNAi-related pathways negatively regulate gene expression (reviewed in refs. 5-7,13). In C. elegans, one of the two main germline endo-siRNA pathways, the WAGO pathway, has been implicated in silencing of transposons, pseudogenes, cryptic loci and some protein-coding genes 14 . Recently, a connection between the PIWI-interacting RNA (piRNA) pathway and the WAGO pathway has also been described [36] [37] [38] [39] [40] . piRNAs can initiate the production of endo-siRNAs that are loaded onto some WAGO Argonaute proteins to silence the pre-mRNAs of their targets and to promote H3K9 methylation, which is a chromatin mark associated with gene silencing [38] [39] [40] . The Argonaute CSR-1 is distinct among the many C. elegans Argonaute proteins in that it binds 22G-RNAs antisense to thousands of protein-coding genes 15 , and the CSR-1 pathway has been associated with the most marked developmental phenotypes [15] [16] [17] [18] [19] [20] [21] [22] [23] . These findings suggest that CSR-1 is involved in gene expression regulation on a global scale. As CSR-1 localizes to the nucleus 15, 24 , we tested the possibility that it regulates gene expression at the transcriptional level. To investigate the transcriptional changes in mutants of the CSR-1 pathway, we used the GRO-seq method, which allows a sensitive quantitative view of the distribution of transcriptional-engaged Pol II in a genome-wide fashion 26 . Unexpectedly, we have discovered a global positive role of the CSR-1 pathway in transcriptional regulation in C. elegans. We found that CSR-1 associated with Pol II machinery to promote the high level of sense-oriented Pol II transcription on its target germline-expressed genes in an siRNA-dependent manner. Thus, 
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it is likely that the multiple developmental abnormalities in CSR-1-pathway mutants may result from decreased transcription of germline genes.
Does CSR-1 directly promote transcription?
Despite the lack of a clear mechanistic understanding of how CSR-1 regulates Pol II transcription, several lines of evidence support the idea that CSR-1 has a direct effect on its target genes. First, we showed that CSR-1 interacted with nascent transcripts from the target loci in a 22G-RNA dependent manner. Second, we found that CSR-1 interacted with Pol II machinery and that this interaction was mediated by RNA. Third, our GRO-seq analyses demonstrated downregulation of Pol II transcription in CSR-1-pathway mutants specifically at genes targeted by antisense CSR-1-bound 22G-RNAs. Fourth, we observed similar transcriptional changes in drh-3(ne4253) and csr-1 hypomorphic mutants, indicating that the sequence specificity of DRH-3-dependent 22G-RNAs must play a role. Moreover, a decrease in transcription observed in drh-3(ne4253) mutant occurred specifically at the CSR-1 target genes and not at other 22G-RNA targets, such as protein-coding WAGO target genes. In addition, we can also exclude several possible indirect effects of CSR-1 on transcription. It is unlikely that a decrease in canonical histones led to the transcriptional changes observed here. Our GRO-seq analyses were performed on homozygous-viable partial loss-of-function mutant strains, which did not show the histone depletion seen in csr-1 RNAi-treated worms 24 . This allowed us to separate the indirect consequences of histone depletion from the apparent direct role of CSR-1 in transcription. Also, it is not likely that reduced transcription of CSR-1 target genes was due to ectopic silencing mediated by Polycomb group proteins or by the piRNA-WAGO system, as we did not detect an increase in H3K27me3 on CSR-1 target genes in CSR-1 pathway mutants and the occupancy of MES-4 and H3K36me3 was not reduced under these conditions. Importantly, there were similar changes in transcription in csr-1 and drh-3 mutants, although the DRH-3 helicase is also required for WAGO 22G-RNA production 14 , and the gene misregulation profile in the drh-3 mutant would have been distinct from that of the csr-1 mutant if WAGO-bound 22G-RNAs were causing ectopic silencing in the absence of CSR-1. Although we cannot exclude all possible indirect effects, it is most likely, on the basis of the above arguments, that CSR-1 and its 22G-RNA cofactors promote expression of their target genes directly.
Indirect effects of CSR-1 pathway on transcription
Another aspect of CSR-1-mediated transcriptional regulation, which has been revealed by our GRO-seq analyses, is the global increase in transcription at the genomic regions that do not include CSR-1 target genes. We have shown that those regions correspond to the silent part of the genome, and the increased Pol II transcription occurred in sense and antisense orientation. Because CSR-1 does not bind 22G-RNAs corresponding to those silent regions, it is unlikely that CSR-1 participates in controlling their transcription directly. One possibility is that CSR-1-bound antisense 22G-RNAs interact with nascent sense transcripts and directly reinforce sense-oriented Pol II complexes to prevent premature termination. Indeed, we found that CSR-1 associated with nascent transcripts in a 22G-RNA-dependent manner and that RNA mediated the interaction between CSR-1 and Pol II machinery. Therefore, in the CSR-1 pathway mutants there may be an increased availability of Pol II to initiate nonspecific transcriptional events all over the genome, including antisense transcription at CSR-1 targets themselves (Fig. 7) .
In different systems, Argonaute proteins have been shown to participate in several other nuclear processes, including splicing 10, 12 and three-dimensional genome organization 8, 41 . Also, we have described the role of the CSR-1 pathway in histone pre-mRNA processing 24 .
Here we found that transcription of histone genes, along with other CSR-1 targets, was reduced in csr-1 and drh-3 mutants. Therefore, there is another possibility that may explain our results: it is conceivable that CSR-1 globally affects pre-mRNA processing of its target genes, which is linked to transcriptional re-initiation. In this regard, RNA processing factors have been implicated in promoting gene loop formation on active genes 42 , and there is evidence that gene looping reinforces transcription re-initiation and promotes the directionality npg a r t i c l e s of Pol II transcription by favoring sense over antisense transcription initiation 43, 44 . In addition to histone mRNA processing, CSR-1 has also been implicated in translational regulation in the germline 45 . Also, an inhibitory effect of CSR-1-bound 22G-RNAs on some target mRNAs has been suggested 46 . Therefore, future investigation of direct and indirect inputs of CSR-1 on gene expression, possibly by multiple mechanisms, and their interconnections will be quite challenging but it also promises to be very insightful.
Transcriptional regulation and chromatin organization
In addition to the challenge of understanding the mechanism by which CSR-1 regulates Pol II transcription, another important question is why an RNAi-based mechanism has evolved to potentiate transcription of active genes. In this study, we have accumulated evidence suggesting that the germline CSR-1 pathway is important for the propagation of the distinction between active and silent transcriptional domains in the progeny. In Schizosaccharomyces pombe, siRNAs generated from pericentromeric transcripts promote H3K9 methylation and heterochromatin formation in cis, which facilitates centromere function (reviewed in ref. 1). Holocentric chromosomes in C. elegans incorporate centromeric proteins along the entire length of chromosomes. Moreover, CENP-A protein does not colocalize with H3K9-methylated regions, which are present on chromosomal arms 35, 47 . Instead, CENP-A is incorporated at transcriptionally silenced chromatin domains enriched in H3K27me3, whereas CSR-1 22G-RNAs are produced from active chromatin domains that are depleted of CENP-A 35 . Therefore, there is an inverse correlation between CENP-A domains and CSR-1 22G-RNAs 35 . Here we found that CSR-1 22G-RNAs generated from actively transcribed genomic regions promoted the maintenance of Pol II transcription from these target genomic loci in cis. Moreover, we demonstrated that decreased activity of CSR-1 led to increased transcription along the CENP-A-enriched domains, which was sufficient to reduce the incorporation of CENP-A in the early embryos. Thus, we propose that the effect of CSR-1 on transcription is also important for proper CENP-A incorporation at the regions devoid of transcription (Fig. 7) .
Interestingly, a recent study showed that CSR-1 and two more Argonaute proteins, ALG-3 and ALG-4, promote expression of some spermatogenesis-specific CSR-1 target genes and suggested that heritable 22G-RNAs transmit gene-activating information from one generation to the next 25 . Also, CSR-1-bound 22G-RNAs are thought to promote expression of artificial transgenes in an epigenetic manner 48, 49 . These observations are consistent with the global positive effect of CSR-1 on transcription revealed by our studies.
It is possible that heritable CSR-1 22G-RNAs potentiate germline transcription genome-wide, which then leads to definition of chromatin domains that are marked by distinct chromatin modifications and persist in the zygote and developing embryos. As the association of nuclear Argonautes with euchromatin has been shown in other animals, including in human cell lines [8] [9] [10] [11] [12] , and gene activation has been described upon targeting human Argonaute proteins to promoter regions using siRNAs [50] [51] [52] [53] , positive regulation of transcription by endogenous RNAi may be common in the animal kingdom.
METHODS
Methods and any associated references are available in the online version of the paper. Figure 7 Model illustrating the proposed role of the CSR-1 pathway in regulation of Pol II transcription and chromatin organization. (a) Cytoplasmic mRNAs (blue) derived from actively transcribed regions are used as templates by RdRP complexes containing DRH-3 to produce antisense (red) 22G-RNAs that are loaded onto the CSR-1 Argonaute 15 . CSR-1 and its associated siRNAs translocate into the nucleus, where they interact with complementary nascent RNA transcripts to promote and localize Pol II transcription on active genes and to inhibit sense and antisense transcription at silent chromatin regions. This leads to the reinforcement of the distinction between active and silent chromatin domains. m 7 G, 7-methylguanylate cap; (A) n , poly(A) tail. (b) Impaired function of the components of the CSR-1 pathway (such as CSR-1 or DRH-3) leads to the reduction in the levels of Pol II transcription on active genes and results in ectopic sense and antisense transcription. Ectopic transcription at normally silent chromatin domains leads to reduced CENP-A incorporation and to the loss of robust differences between active and silent chromatin.
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